Interleukin-15 (IL-15) mRNA is constitutively expressed in skeletal muscle. Although IL-15 has proposed hypertrophic and anti-apoptotic roles in vitro, its role in skeletal muscle cells in vivo is less clear. The purpose of this study was to determine if skeletal muscle aging and unloading, two conditions known to promote muscle atrophy, would alter basal IL-15 expression in skeletal muscle. We hypothesized that IL-15 mRNA expression would increase as a result of both aging and muscle unloading and that muscle would express the mRNA for a functional trimeric IL-15 receptor (IL-15R). Two models of unloading were utilized in this study: hindlimb suspension (HS) in rats and wing unloading in quail. The absolute muscle wet weight of plantaris and soleus muscles from aged rats was significantly less when compared to muscles from young adult rats.
INTRODUCTION
Interleukin-15 (IL-15) is a recently discovered cytokine (20) that belongs to the fourhelix bundle family of cytokines, that also include IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, and IL-9.
The roles of IL-15 within the immune system have been shown to include proliferation and survival of CD8+ T-cells (6) , the activation of natural killer (NK) cells (11) , and proliferation of B cells (5) . IL-15 mRNA is also constitutively expressed in a wide variety of cell and tissue types including placenta, skeletal muscle, liver, epithelial cells, and activated macrophages (20).
IL-15 and IL-2 have redundant roles resulting from similar receptor composition for these two cytokines. The IL-15 and IL-2 receptors (IL-15R, IL-2R, respectively) are trimeric structures composed of two identical chains, the IL-2R/IL-15R beta-chain (IL-2R ) and the common gamma ( c) chain, along with specific alpha-chains (18). The IL-15R alpha (IL-15R ) exhibits a high affinity of binding for IL-15 protein, with a K d of 10 pM (14). In addition to paracrine actions, IL-15 can be expressed in trans, in which the cytokine is either bound to cell surface IL-15R or anchored to the cell membrane. In this manner, mature IL-15 can be presented to neighboring cells that express IL-2R and c (7) . Although both IL-15 (27) and IL-15R (19) mRNA is expressed in skeletal muscle, it is not known if the mRNA for a functional trimeric IL-15R is also expressed in skeletal muscle, which would allow for trans presentation of IL-15 by muscle cells.
Within skeletal muscle, IL-15 can stimulate myosin heavy chain (MHC) protein expression in differentiated myotubes (17, 34) . Myotubes cultured with IL-15 also have a hypertrophic morphology when compared to control cultures that did not contain IL-15.
Additionally, daily injections of IL-15 protein have been shown to reduce DNA fragmentation of gastrocnemius muscles, attenuate cancer associated skeletal muscle loss (cachexia) and reduce the gene expression of the type I TNF receptor in a rodent model of cancer (15) . Although these results demonstrate a positive effect of exogenous IL-15 protein in myocytes, the response of endogenous intramuscular IL-15 has not been examined. Furthermore, the response of IL-15 to muscle loss that results from conditions such as aging or muscle unloading is not known.
The purpose of this study was to determine the basal responses of IL-15 mRNA expression as a result of aging and to skeletal muscle unloading, two conditions known to promote muscular atrophy. A secondary aim of this study was to determine if skeletal muscle expresses the mRNAs for a functional trimeric IL-15R. We hypothesized that skeletal muscle would respond to unloading by increasing IL-15 mRNA, with further increases as a result of age in an attempt to counter muscle loss. We used two different models of unloading to test this hypothesis. In the first approach, we induced atrophy in soleus and plantaris muscles via hindlimb suspension (HS) in rats. This model reduces plantar flexor muscle mass below control levels. In the second approach, we first induced hypertrophy in the quail patagialis (PAT) muscle via wing weighting and this was followed by wing unweighting. This approach reduces muscle mass from a hypertrophied state back towards control levels, but not below the initial muscle mass levels. Our results demonstrate that aging results in significant increases in IL-15 mRNA with further increases as a result of muscle unloading, although this response may be fiber type and/or muscle specific. Additionally, skeletal muscle expresses mRNA for a functional trimeric IL-15R. These data demonstrate that the IL-15 g ene is responsive to the two pro-atrophic stimuli utilized in this study, limb unloading and muscle aging. This response may represent a molecular (i.e. transcriptional) adaptation of aged skeletal muscle to counteract proatrophic stimuli. In addition, the expression of a trimeric IL-15R in skeletal muscle raises the possibility that muscle cells can respond to secreted IL-15 as well as present the cytokine in trans to neighboring cells, although this requires more direct experimentation.
METHODS

All experimental procedures carried approval from the Institutional Animal Use and Care
Committee from the West Virginia University School of Medicine. The animal care standards were followed by adhering to the recommendations for the care of laboratory animals as They were provided rat chow and water ad libitum. The rats in each age group were randomly assigned to a HS group (n = 10 young adult; n=10 aged) or a control group (n = 10 young adult; n=8 aged). The HS animals were unloaded using methods described previously (26). Briefly, an adhesive (tincture of benzoin) was applied to the tail and allowed to dry. Orthopedic tape was applied along the proximal one-third of the tail, which distributed the load evenly and avoided excessive tension on a small area. The tape was placed through a wire harness that was attached to a fishlike swivel at the top of a specially designed hindlimb suspension cage. This provided the rats with 360˚ of movement around the cage. Sterile gauze was wrapped around the orthopedic tape and was subsequently covered with a thermoplastic material, which formed a hardened cast (Vet-Lite, Veterinary Specialty Products, Boca Raton, FL). The exposed tip of the tail remained pink, indicating that HS did not interfere with blood flow to the tail. The suspension height was monitored daily and adjusted to prevent the hindlimbs from touching any supportive surface, with care taken to maintain a suspension angle of approximately 30˚. The forelimbs maintained contact with a grid floor, which allowed the animals to move, groom themselves, and obtain food and water freely. Hindlimb suspension was maintained for a total of 14 days. Control rats maintained normal mobility and they moved unconstrained around their cages. Following 14 days of HS, rats were sacrificed with an overdose of xylazine and the soleus and plantaris muscles from the hindlimbs were excised.
Wing Loading/Unloading. In a second approach to study muscle loss, Japanese Coturnix quails were hatched and raised in pathogen-free conditions in the central animal care center at the West Virginia University School of Medicine. The birds were housed at a room temperature of 22°C with a 12:12-h light:dark cycle and were provided with food and water ad libitum. Twenty-four young adult birds (2 mo) and twenty-four aged birds (24 mo) were examined in the present study. The lifespan of Japanese quails is ~26 28 mo and they are both physically and sexually mature by 1.5 mo of age (25,28). The patagialis (PAT) muscle is flexed with the wing on the birds back at rest, but it is stretched when the wing is extended. In our experimental stretchoverloading model, a tube containing 10-12% of the bird's body weight was placed over the left humeral-ulnar joint (4) . This maintains the joint in extension throughout the period of stretch and induces stretch at the origin of the PAT muscle. Previous studies have shown this stretchoverloading protocol results in moderate hypertrophy of the PAT muscles (i.e., 14-day stretchloading induces ~35% and ~15% increases in muscle mass of young adult and aged birds, respectively (4). Following 14 days of stretch overload of the left wing, eight young and eight aged birds were sacrificed with an overdose of xylazine. Eight young and eight aged birds were maintained for a period of 7 days, in which the overloaded left wing was unloaded. The remaining young and aged animals were sacrificed 14 days after the weight removal. The unstretched right PAT muscle served as the intra-animal control muscle for each bird. PAT muscles were dissected from the surrounding connective tissue, removed, weighed, and frozen in isopentane cooled to the temperature of liquid nitrogen and then stored at -80°C until used for analyses. Technologies, Bethesda MD). PCR primers were constructed from published sequences for the rat and chicken IL-15 genes and they are given in Table 1 . Primer pairs for the gene of interest were co-amplified with 18S primer pairs and competimers to the 18S primers, as an internal control, according to the manufacture's protocols (Ambion, TX). The number of PCR cycles was determined for each gene to insure analyses were done in the linear range of amplification. The signal from the gene of interest was expressed as a ratio to the 18S signal from the same PCR product in order to eliminate any loading errors. The cDNA from all muscle samples were amplified simultaneously for a given gene. Following amplification, 20µl of each reaction was separated by electrophoresis on 1.5% agarose gels. Gels were stained with ethidium bromide.
RT-PCR
PCR signals were captured with a digital camera (Kodak 290) and the signals were quantified in arbitrary units as optical density x band area, using Kodak image analysis software (Eastman Kodak Company, Rochester, NY). As a positive control for IL-15 PCR, spleen and liver tissue were harvested from FBN rats and included in PCR analyses for IL-15 ( Figure 1A ) (13) .
Restriction digestion of IL-15 PCR products was performed for both rat and quail IL-15 to determine primer specificity ( Figure 1B ). The rat IL-15 product was cut with the AluI restriction enzyme producing bands of 466bp, and 128bp. The quail IL-15 PCR product was cut with the AluI restriction enzyme, producing bands of 321bp and 187bp.
IL-15R Sequencing. PCR amplification of the IL-15R rattus sequence produced a PCR product approximately 100 base pairs larger than expected. The corresponding PCR products were gel purified using a commercially available gel extraction kit according to manufacture's instructions (QIAquick Gel Extraction Kit, Qiagen Sciences, MD), and sent for direct sequencing (SeqWright DNA Technology Services, Houston, TX). The newly acquired cDNA sequence information was then compared to the computer predicted sequence originally used for the design of PCR primers (XM_577598).
Statistical analysis.
Statistical analyses were performed using the SPSS software package, version 10.0. Data were analyzed using a 2x2 ANOVA to examine the main effects of aging and unloading and the age x unload interaction. Data are presented as means ± SE with significance set at p<0.05. Relationships between given variables were examined by computing the Pearson correlation coefficient.
RESULTS
Body weight -Rodent HS. There were significant main effects for age (F=91.7, p<0.001) and unloading (F=22.6, p<0.001) on rodent bodyweight. The aging x unloading interaction was not significant (F=0.006, p=0.941). Fourteen days of HS significantly reduced body weights in both young adult (control: 374.7g ± 25.2; HS: 295.2g ± 13.3; -80%) and aged (control: 538.8g ± 15.9; aged: 456.7g ± 11.4; -15%) rats. The bodyweight of the aged rats was 44% greater than the young adult rats (young adult: 374.7g ± 25.2; aged: 538.8g ± 15.9).
Muscle Characteristics -Rodent HS. Muscle wet weights have been reported previously (32) and absolute muscle wet weight and the muscle weight normalized to bodyweight are presented in Table 2 . Following 14 days of HS, the soleus muscle wet weight was 43% less in young adult rats when compared to controls. In contrast, the wet weight of aged soleus was unchanged following HS. Control soleus wet weight was 17% less in aged vs. young rats. The aging x unloading interaction was significant in the rat soleus (F=15.0, p<0.001). Following 14 days of HS, the plantaris wet weight was 20% less in young adult rats compared to controls. In contrast, the wet weight of the aged plantaris was unchanged following HS. Plantaris muscle wet weight was 22% less in aged as compared to control plantaris muscles.
PAT muscle -Quail wing unloading. The changes in PAT muscle mass following stretch overload and subsequent unloading have been reported previously (37) . Fourteen days of stretch overload increased PAT wet weight approximately 35% in young quail and approximately 15% in aged quail. Young PAT muscles retained 15% hypertrophy and aged PAT muscles retained 12% hypertrophy after 7 days of unloading, compared to intra-animal control muscles. Following 14 days of unloading, young PAT muscles returned to baseline.
However, aged PAT muscles retained 6% of stretch-induced hypertrophy after 14 days of unloading when compared to intra-animal control muscles.
IL-15 Transcriptional Responses. Following 14 days of HS in rodents, a significant aging x unloading interaction was observed in both the soleus (F=8.2, p=0.05) and plantaris (F=13.2, p=0.011) muscles. IL-15 mRNA was 81% greater in soleus muscles of young adult rodents following HS relative to control muscles. In contrast, IL-15 mRNA was unchanged in soleus muscles of aged rats following HS. IL-15 mRNA was 20% greater in the soleus of aged rats compared to young adult rats (Figure 2A) . IL-15 mRNA was unchanged in young adult plantaris muscles following HS and when comparing control plantaris muscles from young adult and aged animals. In contrast, plantaris muscle IL-15 mRNA was 71% greater in aged rats following HS, relative to age-matched controls ( Figure 2B ).
There was no significant aging x loading/unloading interaction in the quail model at any time point. Nevertheless, there was a significant main effect of aging, and IL-15 mRNA was 53% greater in aged PAT muscles, relative to muscles from young adult birds. This main effect of age on IL-15 expression was significant for all conditions: 14 days of overload (F=5.8, p=0.024), 7 days of unloading (F=97.8, p<0.001), and 14 days of unloading (F=61.9, p<0.001).
IL-15 mRNA was not affected by 14-days of stretch overload in either young or aged birds (Figure 3) . In contrast, IL-15 mRNA was 25% and 19% greater in unloaded young and aged PAT muscles, respectively, relative to the intra-animal control muscles following 7-days of unloading (Figure 3) . Following 14-days of unloading, IL-15 mRNA returned to baseline in PAT muscles of young and aged birds (Figure 3) .
Sequencing of Rattus IL-15R .
A computer predicted mRNA sequence from GeneBank for the rattus IL-15R chain was utilized to construct PCR primers (XM_577598). The PCR product had a predicted size of 325bp following amplification. However, following PCR amplification and subsequent gel electrophoresis, the PCR product was closer to 400bp, with no multiple bands observed ( Figure 4A) . The PCR product was gel purified, sequenced, and compared to the computer predicted sequence from GeneBank. The newly sequenced cDNA was identical to the predicted sequence at the 5'-and 3'-ends, with a unique sequence of 103 bases contained in the middle ( Figure 4B) . Following verification by DNA sequencing and restriction digestion with HindIII ( Figure 4A) , the new sequence was submitted to GeneBank (Accession No: DQ157696).
IL-15R Expression in Skeletal
Muscle. Primers specific for the three IL-15R chains ( , , ) as well as the IL-2R chain were constructed to examine mRNA expression in rat skeletal muscle.
Messenger RNA isolated from rodent spleen tissue was used as a positive control for each of these primers ( Figure 5A ). As shown in Figure 5B , rat skeletal muscle expresses mRNA for each of the IL-15R chains. Additionally, mRNA for the IL-2R specific alpha chain was detected in the spleen as well as in skeletal muscle.
DISCUSSION
The data from this study demonstrate that the IL-15 gene is responsive to skeletal muscle aging and unloading, two conditions known to promote muscle atrophy. IL-15 mRNA increased as a result of both unloading and aging in the predominantly slow-myosin containing soleus muscle, supporting previous microarray studies in skeletal muscle (29, 38) . In contrast, the fastmyosin containing plantaris muscle had increases in IL-15 mRNA only in the aged unloaded samples. The quail model of unloading utilized in this study differed from the HS model, in that wing unloading allowed regression of previously hypertrophied muscle, whereas during HS, the plantar flexor muscles atrophy relative to control muscles. The interaction of aging and loading/unloading on IL-15 mRNA expression was not significant in the quail model, indicating the age of the quail did not influence the adaptive response. Despite this difference, the main effect of age on IL-15 mRNA expression was evident in PAT muscles, as was the case in the soleus and plantaris muscles following HS. These data indicate that aging is a sig nificant stimulus for increases in IL-15 mRNA in skeletal muscles. The evidence for this is that IL-15 expression was greater in aged muscles of differing fiber type composition (i.e., soleus vs. plantaris) and before unloading was initiated (i.e., previously hypertrophied PAT vs. basal soleus and plantaris). The differences in IL-15 expression observed in this study support the observations from previous studies demonstrating that skeletal muscles from aged animals respond to atrophic conditions differently than muscles from young animals (24,32).
IL-15 and Skeletal Muscle. The first report on the effects of IL-15 in skeletal muscle
demonstrated its ability to increase the myosin heavy chain protein content in differentiated mouse C 2 C 12 myotubes in vitro (34) . These results were subsequently supported by data in primary human skeletal muscle cell cultures (17). This effect of IL-15 was independent of the hypertrophic effects of IGF-1 (33), which may become important with aging when anabolic hormone levels typically decrease (40) . In this study, IL-15 mRNA was greater in all aged skeletal muscles examined and, in general, increased as a result of unloading. We propose that this is an age-related adaptation of skeletal muscle to counter muscle loss in response to atrophic stimuli. Future studies should address the efficacy of IL-15 in sparing muscle mass in aged animals and in response to conditions that promote muscle atrophy.
The greatest effects of IL-15 may be seen under conditions of stress, such as that invoked by aging and disease. This is suggested in part, because the changes in IL-15 mRNA in the current study, were less dramatic in the muscles from young animals than in the aged.
Furthermore, an increase in systemic IL-15 levels in vivo increases the force output of diaphragm muscles from mdx mice (21), which, is a model for muscular dystrophy that has a high turnover of contractile protein as a result of degeneration/regeneration. In this same study, IL-15 promoted muscle regeneration within the first 6 days after a myotoxic injury as evidenced by an increase in fiber cross-sectional area (21). Elevated IL-15 also spares muscle mass and decreases the rate of protein degradation in young tumor-bearing rats (10) . Collectively, these data suggest that IL-15 can act as an anabolic agent for skeletal muscle during periods of injury and/or periods of muscle wasting. This may explain, in part, why a significant interaction of aging and loading/unloading was not observed in the quail model utilized in this study. As noted above, the quail model of unloading allows previously hypertrophied muscle to atrophy but muscle mass does not go below that of control contralateral muscles. This contrasts to the HS model, where muscle mass is reduced well below control levels after unloading. Thus, it is possible that the underlying mechanisms leading to atrophy of previously hypertrophied muscles to basal levels, compared to atrophy below control levels, may differ. Another possibility is that prior loading in the quail muscle may have invoked expression of anti-apoptotic proteins that reduced the severity of muscle unloading following loading. For example, our laboratory has previously demonstrated that previously hypertrophied PAT muscles from aged quail retain the loadinginduced increase of the anti-apoptotic molecule XIAP during periods of subsequent unloading (37) . However, XIAP is not increased in unloaded rat muscles after HS compared to control muscles (35) . Additionally, other anti-apoptotic changes were noted in 14d unloaded PAT muscles of aged quails, such as increased Bcl-2 and decreased Bax protein levels (36) . This is in contrast to the increased Bax mRNA expression and protein content following 14d of HS in the aged rat plantaris (32) and medial gastrocnemius muscles (35) . We hypothesize that an antiapoptotic adaptation of previously hypertrophied muscle may take place in aged quail during extended periods of unloading as muscle returned to basal levels. Similar adaptations may not take place during periods of HS-induced muscle atrophy where muscle mass can be considerably less when compared to muscles from control animals. Furthermore, incubation of fibroblasts with IL-15 in vitro attenuates apoptosis induced by TNF- (8) . The TNF-apoptotic pathway was disrupted when the cytoplasmic signaling molecule TRAF2, which normally mediates the downstream apoptotic signal from the TNFR, was recruited to the cytoplasmic side of the IL-15R . Interestingly, this recruitment of TRAF2 to IL-15R was only observed when both TNF-and IL-15 protein were present in the culture media (8) . Thus, IL-15 seems to function, at least in part, to inhibit apoptosis by blocking the signaling downstream of the TNFR. This is relevant in aging muscle because the extrinsic apoptotic pathway is very active in aged skeletal muscle (31) . We speculate that the changes in IL-15 mRNA observed in the current study may represent an attempt to counter the pro-apoptotic environment typically observed in aged skeletal muscle.
IL-15 and
Another potential means for IL-15 to function in an anti-apoptotic role may be as a result of its association with the anti-apoptotic protein, Bcl-2 (30,41) . There is a reduction in the percentage of CD8 + T cells in IL-15R -/-mice and this is due in part to a reduction of Bcl-2 expression (41). Exogenous IL-15 up-regulates Bcl-2 levels in these cells and contributes to a reduction in cell death upon activation (41) . Additionally, HIV-specific CD8 + T cells were shown to exhibit reduced levels of Bcl-2. When these cells were cultured with IL-15, Bcl-2 expression increased and this was associated with an attenuation of apoptosis of CD8 + T cell cultures (30). The mRNA expression and protein content of Bcl-2 has been shown to increase in aged skeletal muscles and in response to atrophic stimuli (32, 35) . Although these results do not show a direct Bcl-2 mediated anti-apoptotic role for IL-15, this possibility warrants further investigation.
Hindlimb Suspension in Rodents.
The HS model of unloading has been widely utilized in rodents to study the effects of unloading on bone (22), and muscle (2, 3, 16, 38) . In the current study and others (3, 24, 32) , HS has been used to examine the interaction of aging and unloading.
The aging associated loss of muscle mass and strength, (i.e. sarcopenia), is exacerbated with The results of this study differ from previous reports from our lab which, have shown greater muscle loss in aged FBN rats than in young adult rats after HS (3) . Variability in animal responses to HS can occur, even in the same laboratory (16). For example, Fitts et al. (16) reported variability in soleus atrophy and peak isometric tetanic tension (Po) in response to 1-and 2-weeks of HS. The authors speculated that variability in these data may be induced by diverse responses in animal movements or environmental disturbances that result in random muscular contractions. The HS technique results in limb unloading with muscular innervation left intact, which allows the hindlimbs to move freely in space. Initially, EMG activity decreases. but it returns to baseline levels as soon as 3 days after HS initiation (1). In our study, animals were checked twice daily after the induction of HS, and random hindlimb muscular contractions were observed, and this may have contributed to our current results.
Conclusions. IL-15 mRNA is constitutively expressed in skeletal muscle and it is responsive to both muscle aging and limb unloading. Our data indicate that aging is a significant stimulus for AS, aged stretched. * significant unloading effect; ** , significant age effect. 
